Background: DPP-4 inhibitors may have a protective effect in diabetic nephropathy.
Introduction:
Diabetic nephropathy is the most common cause for end-stage renal disease (1). The earliest major clinical manifestation of diabetic nephropathy is albuminuria, which occurs in most, but not all patients with diabetic kidney disease (2, 3) . Albuminuria is associated with the progression of diabetic nephropathy and premature cardiovascular (CV) disease (4) (5) (6) . Several clinical trials have shown that decreased albuminuria in response to treatment with angiotensin converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARBs) is associated with slower progression of both renal and CV disease (7) (8) (9) (10) (11) .
There is growing evidence that the use of incretin based therapies, specifically dipeptidyl peptidase-4 (DPP-4) inhibitors may ameliorate albuminuria (12) (13) (14) (15) . The protective effects of DPP-4 inhibitors against albuminuria may be mediated by increasing glucagon like peptide 1 (GLP-1) levels. The latter may protect renal cells from hyperglycemia-induced oxidative stress by increasing cAMP and consequently activating protein kinase A (PKA), which inhibits NAD(P)H oxidase, a major source of superoxide generation (16) .
The Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus
Thrombolysis in Myocardial Infarction 53 (SAVOR-TIMI 53) trial randomized 16,492 type 2 diabetic patients with high CV risk and varying degrees of renal function and albuminuria to treatment with the DPP-4 inhibitor -saxagliptin or placebo and followed them prospectively for a median of 2.1 years (17) . We report here the pre-defined exploratory end points of renal safety and efficacy in the SAVOR-TIMI 53 trial as well as analyses of the ACR change over time in this large and heterogeneous population of subjects with diabetes.
Methods

Study Design, Patients and Primary and Secondary Endpoints
SAVOR-TIMI 53 was a multicenter, multinational, randomized, double-blind, placebo-controlled trial that followed 16,492 patients, previously described in detail (18, 19) . Inclusion criteria were type 2 diabetes (T2D), HbA1c between 6.5% and <12.0% (47.5 and <107.7 mmol/mol) within 6 months of randomization, and either a history of established cardiovascular disease (CVD) or multiple risk 5 factors (MRF) for CVD. Patients were randomized to receive either saxagliptin 5 mg daily (or 2.5 mg daily in patients with an estimated glomerular filtration rate (eGFR) of 50 mL/min/BSA or less) or matching placebo. A history of end-stage renal disease (ESRD) on chronic dialysis, renal transplant, a serum creatinine >6.0 mg/dL or eGFR<15 mL/min/BSA were exclusion criteria.
The number of patients with moderate to severe renal impairment [eGFR <50 mL/min/BSA] was prespecified to be at least 800, with 300 of them with severe renal impairment [eGFR <30 mL/min/BSA] (20). Randomization to saxagliptin or placebo was stratified by baseline renal function category and by cardiovascular disease status (established CVD vs. MRF). The study protocol was approved by the relevant institutional review board at each participating site and written informed consent was obtained from all patients. The primary results of the SAVOR-TIMI 53 trial have been reported previously (17) .
Predefined renal baseline characterstics and renal outcomes
Blood samples sent to the central laboratory (Quintiles Ltd UK) were analyzed at the combined screening and randomization visit, at 1-year (>180, <540 days from randomization), 2-year (≥540 days and < 900 days), and at the end of trial (EOT) visit. Creatinine levels were directly measured and the eGFR was determined according to the Modification of Diet in Renal Disease formula (21) . eGFR was predefined both as continuous and categorical variables: normal or mildly reduced renal function (eGFR>50 mL/min per 1.73 m 2 ), moderate renal dysfunction (eGFR 30-50 mL/min per 1.73 m 2 ), and severe renal dysfunction (eGFR<30 mL/min per 1.73 m 2 ). All eGFR analyses were performed on the intention to treat (ITT) population.
Urinary albumin and creatinine were measured at the central laboratory in a single voided urine sample, and albumin creatinine ratio (ACR) (mg/g and mg/mmol) was calculated. ACR was analyzed both as a continuous and categorical variable. The predefined ACR categories were (20) : ACR <30 mg/g (<3.4 mg/mmol) defined as normoalbuminuria (further split into ACR<15 mg/g and 15≤ACR-<30 mg/g), ACR 30 to 300 mg/g (3.4 to 34.0 mg/mmol) defined as microalbuminuria (also called "high albuminuria") (further subdivided into 30≤ACR <100 mg/g and 100≤ACR-≤300 mg/g) and ACR >300 mg/g (>34.0 mg/mmol) defined as macroalbuminuria (also called "very high albuminuria"). 6 The predefined renal efficacy endpoints included: 
Statistical Analysis
Baseline characteristics were analyzed according to baseline ACR categories. To assess the difference between ACR <30 mg/g and ACR≥30 mg/g, a median 2 sample test (Brown-Mood test) for continuous variables and chi-square test for categorical variables was used. Single and multivariable analyses were performed to test the association between continuous ACR at baseline and the following baseline characteristics: age, sex, race, BMI, duration of diabetes, current smoker, history of CVD, HbA1C, fasting plasma glucose, eGFR, ACE inhibitors, ARB, beta-blockers, statin, aspirin, sulfonylurea, metformin, insulin and thiazolidinediones. This model was performed using a log transformation of ACR, due to its skewed nature. Similar models (without log transformation) were performed for eGFR.
Time to event analyses were done using the Cox proportional hazards model stratified by baseline CV risk group and baseline renal function category, with treatment as a model term.
Change in ACR categories was tested separately for each baseline ACR category, and expressed as the proportion of patients that shifted in ACR categories from baseline to EOT by treatment arm. The difference between arms at each baseline level was tested using Chi-square test.
The change from baseline in ACR assessed as a continuous variable by baseline eGFR categories was analyzed using repeated measures analysis of variance, with baseline CV risk group-previous CV disease or MRF, and treatment arm as model terms. The difference in the distributions of the change from baseline in ACR by treatment arms was analyzed using a Kolmogorov-Smirnov test.
Post hoc analyses were performed to analyze the relation between change in ACR and glycemic control, using both Pearson correlation coefficients and compression of changes in ACR categories according to decrease in HbA1c levels using the Chi-square test.
All analyses were conducted on an intention-to-treat basis among patients who underwent randomization. Post randomization ACR values were based on measurements made during ontreatment period. The statistical software package SAS (version 9.3, SAS Institute, Cary, NC, USA) was used for all analyses with a two-sided P-value < 0.05 considered to be statistically significant. No adjustment was made for multiple comparisons. All analyses were performed by Worldwide Clinical Trials (WCT) and validated by Hadassah and TIMI statisticians.
RESULTS
Baseline Characteristics
Of the 16,492 patients, 13,916 (84.4%) had normal or mildly impaired renal function, 2,240 (13.6%) had moderate renal impairment and 336 (2.0%) had severe renal impairment. A total of 9,696 (58.8%) patients had normoalbuminuria, 4,426 (26.8%) patients had microalbuminuria, 1,638 (9.9%) patients had macroalbuminuria and 732 (4.4%) patients had no ACR measurement at baseline. The saxagliptin and placebo arms were balanced with regard to baseline eGFR and ACR categories. The population distribution by eGFR and ACR categories at baseline, 1 year and EOT is shown (Appendix Table 1 ).
The number of patients in each eGFR and ACR group at baseline was balanced between treatment 8 arms. While there was a tendency for higher ACR values with lower eGFR categories, there were still a substantial number of patients with normoalbuminuria among those with reduced eGFR (Appendix Figure 1 ). 44.4% and 19.5% of the patients with moderate and severe renal impairment, had normoalbuminuria (Appendix Figure 1 ).
Subjects with abnormal ACR at baseline were more likely to be non-Caucasian, Hispanic and with longer diabetes duration ( Table 1) . Abnormal ACR was also associated with higher prevalence of established CVD, prior heart failure, hypertension, and hyperlipidemia. Abnormal ACR at baseline was strongly associated with higher creatinine and lower eGFR. Multivariable analyses were used to define baseline characteristics associated with higher baseline ACR and lower eGFR as continuous variables (Appendix Table 2 ). Sex, race, BMI, smoking status, history of CVD, beta blocker and statin use were associated with eGFR, whereas treatment with ACE inhibitors and thiazolidinediones were associated with ACR, but not with eGFR.
Renal safety outcomes
There were no meaningful differences in any of the pre-specified renal safety outcomes between saxagliptin and placebo treatment arms: doubling of serum creatinine occurred in 183 (2.02%) vs. 166 
The effect of saxagliptin vs placebo on the change in ACR
The difference in mean change in ACR between saxagliptin arm and placebo arm at 2 years was -34.3 mg/g (p<0.001), mainly driven by the difference in change in ACR amongst patients with ACR>300 mg/g at baseline (-283 mg/g p=0.002). A three-way shift table showing the change in ACR category from baseline to the EOT (Table 2) shows a significant difference between the saxagliptin and placebo treatment groups. Among those assigned to saxagliptin, a higher percentage of patients shifted to a lower ACR category and a smaller fraction had increased ACR, irrespective of baseline ACR category, (p=0.021 for normoalbuminuria, p<0.001 for microalbuminuria and p=0.049 for macroalbuminuria).
Similar findings were obtained when ACR was divided into 5 categories (<15mg/g, 15-<30 mg/g, 30-<100 mg/g, 100-300 mg/g and>300 mg/g) (Appendix Table 3 ).
Stratification of the mean change in ACR by baseline eGFR categories for the saxagliptin and placebo groups at 1 year and 2 years is shown in Figure 1 . To further investigate correlation between changes in glucose control and ACR, patients with microalbuminuria at baseline were divided into those who experienced a ≥0.5% decrease of HbA1c compared to those whose HbA1C decreased by <0.5%, remained unchanged or increased (Figure 2 ).
Treatment with saxagliptin was associated with a similar decrease of albuminuria, irrespective of the change in HbA1C.
Discussion:
The SAVOR-TIMI 53 study included a large population of patients with type 2 diabetes at high CV risk with diverse baseline renal characteristics including a substantial number of patients with renal dysfunction and/or albuminuria. Treatment with saxagliptin was found to be safe with regards to renal outcomes; however, the study did not demonstrate improvement in hard renal outcomes such as doubling of creatinine or initiation of renal replacement therapy. The main finding of this pre-specified secondary analysis is that treatment with saxagliptin was associated with a reduction in ACR compared Evidence regarding the beneficial effect of DPP-4 inhibitors on ACR is mounting. This has been previously demonstrated for sitagliptin (12, 13, 23) , linagliptin (14, 15) , and vildagliptin (24), however these studies were relatively small with some being retrospective observational (12, 23) , uncontrolled (12, 23, 24) , or post hoc meta-analyses (14, 15) . The majority of these studies analyzed the effects of DPP-4 inhibitors on ACR only in patients with prevailing albuminuria and not in patients with albumin excretion within the normal range (13-16, 23, 24) .
In the SAVOR-TIMI 53 trial, ~80% of the patients were treated with ACEI and/or ARB at baseline and during follow-up (17) . Blockade of the renin angiotensin aldosterone system (RAAS) is the backbone of treatment of diabetic nephropathy (1). The addition of saxagliptin to this population further reduced ACR and was not associated with increased risk of hyperkalemia or acute renal failure.
ACEI and ARB have been previously shown to be beneficial in reducing the progression of albuminuria only in patients with microalbuminuria and macro-albuminuria, and not in normoalbuminuric patients, thus presenting a potential benefit that may be unique to this drug or class (22, 25) . The reduction of ACR in the normo-albuminuric range might be important, considering the finding that the rate of adverse CV outcomes is increased in subjects with higher ACR in the normoalbuminuric range (26) . However, despite reduction in albuminuria by saxagliptin in the SAVOR-TIMI 53 trial, it did not demonstrate any beneficial CV effect.
A recent meta-analysis included 21 trials, 78,342 patients, and demonstrated that reducing albuminuria by various pharmacological interventions was strongly associated with decreased progression to ESRD (25) . In the present study, treatment with saxagliptin reduced ACR without affecting the eGFR.
Possible explanations for this inconsistency might be the short duration of follow-up in SAVOR-TIMI 53 and/or the extent of the change in ACR. A somewhat similar result and conclusion was reported in the post hoc analysis of the ALTITUDE trial, where the addition of aliskiren, a renin inhibitor, to treatment with ACEI or ARB was associated with decrease in ACR without renal or cardiovascular protective effect (27) . Additionally, the multi-variable analysis of variables associated with eGFR and ACR (appendix table 2), showed incomplete overlap between variables affecting albuminuria and eGFR, as was previously shown at the UKPDS trial (28); therefore the effects of treatment on albuminuria and eGFR might be dissimilar.
The extent of ACR reduction is an important predictor of future renal and CV outcome (25) . The SAVOR-TIMI 53 trial demonstrated that saxagliptin neither increased nor decreased the risk of the primary composite endpoint of non-fatal MI, non-fatal stroke or CV death (17) ; this finding was true also regarding the different renal function categories (29) . An increase in the rate of hospitalization for heart failure in patients treated with saxagliptin regardless of renal function was observed (17, 29) .
The SAVOR-TIMI 53 population included many patients with reduced eGFR but minimal or no albuminuria (Appendix Figure1). This finding is consistent with other studies in both patients with diabetic nephropathy (1-4) and in patients with chronic stable coronary artery disease (30) . In patients with similar eGFR, the clinical significance of varying degrees of albuminuria on renal and CV outcomes is an ongoing debate (1).
We found that the reduction of ACR by saxagliptin occurred, irrespective of its effects on glycemia. There is speculation regarding the mechanisms by which DPP-4 inhibitors reduce ACR independently of their effect on glycemia. GLP-1 receptors are expressed in glomerular blood vessels (16) and an increase in GLP-1 plasma concentration by DPP-4 inhibitors may protect against renal oxidative stress under chronic hyperglycemia by inhibition of NAD(P)H oxidase, a major source of superoxide and by cAMP-PKA pathway activation, which are both putatively involved in renal complications (16, 34, 35) .
The strengths and weaknesses of this manuscript
The main strength of this trial is the size and diversity of the SAVOR-TIMI 53 population. All laboratory data, including ACR and creatinine, were collected at a central laboratory; renal outcomes, both safety and efficacy, were for the most part pre-specified.
The main limitation of this study is the relatively short duration of follow up (17) which is especially important with regard to changes in eGFR which occur more slowly than changes in ACR (1). ACR was not collected for all patients at each time point and the time lapse between each measurement was long (mostly 1 year). ACR was measured from a single voided urine sample, rather than repeated measurements or 24 h urine collections. There is considerable intra-individual daily variation in albuminuria and a coefficient of variation of 40% been previously reported for those with an ACR of 30-300 mg/g creatinine (38) perhaps contributing to our modest findings. eGFR was calculated using a serum creatinine measurement and not measured directly.
Despite the fact that most renal outcomes were predefined, it is important to note the limitation of interpolation of exploratory endpoints when the primary results of the entire trial (17) as well as the renal analysis were null. Additionally, the occurrence of the predefined renal safety outcomes was rare 13 and even more subtle changes in eGFR may take several years to appear. The p values of some of the analyses showing reduction in ACR were borderline and no correction was done for multiple testing.
Conclusion:
Saxagliptin decreased ACR in a large and heterogeneous population of type 2 diabetic patients. This P-value is based on a two tailed normal distribution approximation test for the proportion of patients who worsened ** P-value is based on a chi-squared test for independence ***P-value is based on a two tailed normal distribution approximation test for the proportion of patients who improved P-values were calculated for each level of ACR at baseline separately.
White: The number of patients (%) at each ACR category at baseline, with no change in ACR category to EOT.
Light Green: The number of patients (%) at each ACR category at baseline, with improvement in one ACR category to EOT.
Dark Green: The number of patients (%) at each ACR category at baseline, with improvement in two ACR categories to EOT.
Light Red: The number of patients (%) at each ACR category at baseline, with worsening in one ACR category to EOT.
Dark Red: The number of patients (%) at each ACR category at baseline, with worsening in two ACR categories to EOT. 
